Although eukaryotic mitochondrial (mt) ribosomes evolved from a putative prokaryotic ancestor their compositions vary considerably among organisms. We determined the protein composition of tandem affinity-purified Trypanosoma brucei mt ribosomes by mass spectrometry and identified 133 proteins of which 77 were associated with the large subunit and 56 were associated with the small subunit. Comparisons with bacterial and mammalian mt ribosomal proteins identified T. brucei mt homologs of L2-4, L7/12, L9, L11, L13-17, L20 -24, L27-30, L33, L38, L43, L46, L47, L49, L52, S5, S6, S8, S9, S11, S15-18, S29, and S34, although the degree of conservation varied widely. Sequence characteristics of some of the component proteins indicated apparent functions in rRNA modification and processing, protein assembly, and mitochondrial metabolism implying possible additional roles for these proteins. Nevertheless most of the identified proteins have no homology outside Kinetoplastida implying very low conservation and/or a divergent function in kinetoplastid mitochondria. Molecular & Cellular Proteomics 7:1286 -1296, 2008.
Although eukaryotic mitochondrial (mt) ribosomes evolved from a putative prokaryotic ancestor their compositions vary considerably among organisms. We determined the protein composition of tandem affinity-purified 
Mt
1 ribosomes appear to be structurally variable to a considerable extent from one organism to another and have undergone some major remodeling during their evolution including loss of RNA and acquisition of proteins (1, 2) . Their sedimentation coefficient (S) values vary between 50 S in Leishmania, 70 -74 S in fungi, 55 S in metazoans, and 78 S in higher plants (3) (4) (5) (6) . Tandem mass spectrometry has been successfully applied to the analysis of the protein composition of ribosomes from several organelles including bovine mitochondria (5, (7) (8) (9) (10) , fungal mitochondria (11, 12) , and chloroplasts (13, 14) . Mammalian ribosomes have about the same mass as bacterial ribosomes but half as much RNA and over twice as much proteins. Proteomics analysis of bovine mt ribosomes (9, 10) identified 78 different proteins, which include homologs of Escherichia coli ribosomal proteins and 36 additional proteins that presumably were acquired during eukaryotic evolution. Many of these new ribosomal proteins are distinct, having no closely related homologs in bacterial or eukaryotic cytoplasmic ribosomes. The estimated number of proteins within mammalian mt ribosomes has ranged from about 85 to more than 100, for yeast mitochondria it is 78 proteins, and for chloroplast mitochondria it is 49 proteins. The feature of protein richness implies that the reduced rRNA sizes are compensated by some protein components that might have been recruited to mt ribosomes during the course of evolution (15) .
Trypanosoma and Leishmania are protozoan parasites belonging to the order Kinetoplastida that are the causative agents of several devastating tropical diseases such as African sleeping sickness, Chagas disease, and leishmaniasis. Protein synthesis in the mitochondria of these unicellular flagellates has unusual features. The transcripts from most genes encoded in the trypanosomatid mt DNA are posttranscriptionally modified via extensive and precise insertion and deletion of uridylates into otherwise encrypted transcripts (16, 17) . The translation of the edited mRNAs was shown directly by sequencing their corresponding proteins, and surprisingly the synthesis of mitochondrially proteins was resistant to chloramphenicol (18 -20) . The trypanosome 9 and 12 S mt rRNAs are the smallest homologs of the E. coli 16 and 23 S rRNAs. The 610-nucleotide 9 S RNA has a minimal predicted secondary structure in which all four domains of the E. coli 16 S structure are preserved; however, some stemloops have been greatly reduced or eliminated entirely (21) . The 1150-nucleotide 12 S RNA is also greatly reduced due to the absence of domain II and some stem-loop structures in domains I and III. Domain V is the best conserved region most likely because of its functional importance as a peptidyltransferase region (22) (23) (24) . The trypanosomatid rRNAs are even smaller than those present in mammalian mitochondria (12 S in the SSU and 16 S in the LSU) (25) , which may imply that the trypanosomatid ribosomes may be more protein-rich. Recently the putative 40 S LSU and 30 S SSU and the 50 S monosome particles were biochemically purified from Leishmania tarentolae and visualized by cryoelectron microscopy, and some of the components were identified by mass spectrometry analysis (3) . Interestingly an additional 45 S particle that contains only 9 S rRNA was described and designated as the 45 S SSU* ribosomal-related complex. This complex contains up to 49 polypeptides including several homologs of small subunit ribosomal proteins (26) .
In this study we purified the mt ribosomes from T. brucei by tandem affinity purification (TAP) using 12 TAP-tagged component proteins, and the tagged complexes were analyzed by LC-MS/MS. We identified 133 proteins of which 38 proteins have varying degree of sequence homology to bacterial and/or mt ribosomal proteins and 56 proteins have no significant homology outside Kinetoplastida suggesting that they have diverged extensively or have unique functions in Kinetoplastida mitochondria. Based on association with rRNAs, known mt ribosomal proteins, and bioinformatics analysis, we suggest reannotation from "hypothetical" to "mitochondrial ribosomal protein (MRP)" for 29 proteins. Our results provide insight into the unique features of trypanosomatid mt ribosomes.
EXPERIMENTAL PROCEDURES
T. brucei Transgenic Cell Lines-T. brucei cell (procyclic form) strains 29.13 and 1.7a were grown in vitro at 27°C in SDM-79 medium containing hemin (7.5 mg/ml) and 10% fetal bovine serum.
To create the vectors for inducible expression of C-terminally tagged proteins (for candidate selection criteria see "Results") the ORFs were PCR-amplified from strain 427 genomic DNA without the termination codon (supplemental Table 1 ). The PCR products were cloned into pGEM-T easy vector (Promega), digested with BamHI or BglII and HindIII enzymes and ligated into the pLEW79-MHT vector (27, 28) . The constructs were verified by sequencing. Genes used in this study were: TAPLSU1, Tb927.3.5610 (50 S L3); TAPLSU2, Tb927. 4 (29) .
Tandem Affinity Purification of Ribosome Subunits-The TAP protocol was adapted from published methods (28, 30 -32) . Tagged large and small subunits were purified by sequential steps of IgG affinity chromatography, glycerol gradient sedimentation, and calmodulin affinity chromatography. Briefly cleared cell lysate was incubated with IgG-Sepharose beads, and the bound complexes were eluted by TEV protease cleavage and fractionated on a 10 -30% glycerol gradient for 5 h at 38,000 rpm at 4°C in an SW-40 rotor (31). The sedimentation profiles of the tagged complexes were monitored by Western blot analyses using anti-His 6 mAb. The peak reactive fractions were then pooled and further purified by calmodulin affinity chromatography, and the bound complexes were eluted with EGTA.
SDS-PAGE and Western Blotting-The protein samples were fractionated by SDS-PAGE, blotted onto PVDF membrane, probed with anti-His 6 mAb (1:2000; Invitrogen), and developed using an ECL system (Roche Applied Science).
RNA Dot Blot Analysis-RNA was isolated from 200 l of glycerol gradient fractions on which mitochondrial lysate (33) or TEV eluates of TAPLSU1 and TAP_SSU2 were fractionated using TRIzol LS (Sigma) as described by the manufacturer. Isolated RNA was applied directly on a Hybond TM -Nϩ membrane (Amersham Biosciences) using a BioDot Microfiltration Apparatus (Bio-Rad). Radiolabeled oligodeoxynucleotides for 12 S rRNA (5Ј-GGTACATATAGAACAACTGT) and 9 S rRNA (5Ј-CCGCAACGGCTGGCATCC) were used as probes. Signal was visualized using GE Healthcare PhosphorImager screens, and autoradiograms were analyzed by densitometry.
Immunofluorescence Assay-Subcellular localization of the expressed tagged proteins within the cell was determined by immunofluorescence assay using anti-Myc mAb (Invitrogen). Briefly the cells were fixed with 4% formaldehyde, permeabilized with 0.2% Triton X-100, blocked with 5% fetal bovine serum, and incubated with anti-Myc antibody at 1:100 dilution. After washing, the cells were incubated with anti-mouse FITC-conjugated antibody (1:250 dilution) (Sigma), washed, and treated with 4Ј,6-diamidino-2-phenylindole stain to visualize DNA. Phase-contrast images of the cells and their fluorescence were captured with a Nikon fluorescence microscope equipped with a camera and appropriate filters.
Mass Spectrometry Analysis-We prepared and analyzed the samples by two complementary methods. (i) The proteins were fractionated on a short length SDS-PAGE gel, and the peptides were extracted from the gel lane, and (ii) the protein mixtures were digested in solution and analyzed separately. In more details, the proteins were identified by LC-MS/MS analysis using a linear trap quadrupole (LTQ) mass spectrometer connected to a Surveyor HPLC system (Thermo Electron). The proteins in the gel pieces were digested with sequencing grade modified trypsin (Promega) overnight; the resulting peptides were extracted with 50% acetonitrile, 5% formic acid solution and dried in a SpeedVac. The TAP tag-purified protein samples were precipitated with 6 volumes of acetone, and the proteins were denatured with 8 M urea, 1 mM DTT; diluted 1:7; and digested in solution with trypsin. The resulting peptides were purified using C 18 beads (Magnetic Dynabeads RPC18, Invitrogen). The peptides from gel pieces or complex mixtures were fractionated by nanoflow liquid chromatography using a 10-cm-long ϫ 75-m-inner diameter C 18 capillary column and analyzed on line by electrospray ionization tandem mass spectrometry. The bound peptides were eluted from the C 18 column at a 200 nl/min flow rate with a 45-min linear gradient of 5-40% acetonitrile in 0.4% acetic acid followed by a 5-min linear gradient of 40 -80% acetonitrile in 0.4% acetic acid. Xcalibur 1.4 SR1 version software was used to collect mass spectrometry data, and the mass range for the MS survey scan was m/z 400 -1400. The MS/MS data of the five most intense ions were collected sequentially following each MS scan using the dynamic exclusion parameter where a specific ion was sequenced only twice and was excluded from the list for 45 s. The peak lists were generated using the SEQUEST module of Bioworks 3.1, cluster version SR1 (Thermo Electron), using the default parameters (molecular weight range, 400 -3500; precursor mass tolerance, 1.4; group scan, 25; and minimum ion count, 15). The acquired data were compared with T. brucei v4.0 protein database (GeneDB) using the TurboSEQUEST program in the BioworksBrowser 3.1 software package (Thermo Electron). The database contained 9210 T. brucei nuclearly encoded protein sequences of which 612 are annotated as hypothetical-unlikely (34) plus 18 mitochondrially encoded protein sequences. Also mouse immunoglobulin heavy and light chains, bovine serum albumin, and human keratin sequences were included in the database. No enzyme was specified during the SEQUEST search, peptide mass tolerance was set at 1.5 Da and fragment ion tolerance was set at 0.0. No fixed modification was set for any of the amino acids, but differential modification for "Met" was set at 15.994 Da. The SEQUEST search results were filtered and compiled using PeptideProphet and ProteinProphet programs (35, 36) . The data set presented here includes only the doubly tryptic peptides that have a minimum peptide identification probability of 0.9 and have a minimum SEQUEST X-correlation value of 1.5 for ϩ1 ions, 1.8 for ϩ2 ions, and 2.5 for ϩ3 ions. We excluded any peptide containing more than one missed trypsin cleavage site in the sequence and that containing a cysteine amino acid because the alky-lation step was not carried out during sample preparation. Proteins containing a minimum of two unique peptides matching the above criteria and with a minimum identification probability of 0.97 were considered positive.
Sequence Analysis-Bacterial and mt mammalian ribosomal proteins sequences were downloaded from the Ribosomal Protein Gene Database, and a BLAST homology search was carried out against T. brucei gene database (GeneDB) to identify putative ribosomal proteins. The general characteristics of the purified proteins were predicted by database homology and domain/motif searches. BLASTp and PSI-BLAST searches were carried out against the National Center for Biotechnology Information (NCBI) database to identify any homologous or related proteins. PFAM, PROSITE, InterPro, and Conserved Domain Database were used to assign motifs and domains. Probability of mitochondrial targeting sequence was predicted by MitoProt.
RESULTS

Purification of mt Ribosomes by TAP Tagging Known Subunits-The mt ribosomes from T. brucei cells (procyclic forms)
were isolated under native conditions using the TAP tag strategy ( Fig. 1, A and B) . Initially two proteins of the large subunit, 50 S L3 (Tb927.3.5610) and 50 S L13 (Tb927.4.1070), that have 26 and 25% identity to L3 and L13 E. coli ribosomal proteins, respectively, were analyzed resulting in TAP_LSU1 and TAP_LSU2 cell lines. Similarly two other proteins of the small subunit, 30 S S11 (Tb10.406.0510) and 30 S S17 (Tb09.211.2580), that have 36 and 35% identity to S11 and S17 E. coli ribosomal proteins, respectively, resulted in TAP_SSU1 and TAP_SSU2 cell lines. The 30 S S11 protein is currently annotated as a hypothetical protein in the GeneDB database. The tagged LSU and SSU were purified from cell lysate using IgG affinity chromatography, and bound complexes were released by TEV cleavage. TEV eluates were further fractionated on 10 -30% glycerol gradients. All four tagged proteins sedimented at the lower part of the gradient (ϳ40 -80 S region) as determined by Western blot analysis using anti-His mAb (Fig. 1C ) indicating their association with large protein complexes. Both TAP_LSU1 and TAP_LSU2 had a similar sedimentation profile peaking in fractions 17-21. The sedimentation peak of TAP_SSU1 and TAP_SSU2 differed slightly (19 -23 versus 17-21) , which may be due to the effect of the tag on composition of the complex. The lower band detected in glycerol gradient fractions of TAP_SSU1 is likely a degradation product of the tagged protein that is not integrated into the complex and primarily sediments at the top of the gradient. The tagged complexes were further purified from pooled gradient fractions by a second affinity purification step. SDS-PAGE analysis of TAP_LSU1 and TAP_SSU1 calmodulin column eluates showed a protein profile with numerous proteins varying in sizes from 10 to Ͼ100 kDa (Fig. 1D) .
The sedimentation profiles of tagged and native ribosomes were compared by hybridizing 12 and 9 S rRNA probes with RNA that was isolated from glycerol gradient fractions of tagged complexes and mitochondrial extract ( ) . B, Trypanosoma LSU and SSU were purified using tandem affinity purification, and purified proteins were identified in the proteolytic digest followed by direct analysis using LC-MS/MS. C, fractionation of TAP_LSU1, TAP_LSU2, TAP_SSU1, and TAP_SSU2 TEV eluates on 10 -30% glycerol gradients. Fractions were collected from the top of the gradients. Aliquots from odd fractions were analyzed by SDS-PAGE and probed with anti-His mAb. Positive fractions from the lower part of the gradient designated by a black line were further subjected to the second affinity purification step. The white star indicates the position of 25-kDa His-tagged TEV protease. The size of the protein marker is indicated on the left. D, purified TAP_LSU1 and TAP_SSU1 complexes separated on a 10 -14% polyacrylamide Tris-glycine gel and stained with SYPRO Ruby. The sizes of the protein marker are indicated. PF, procyclic form. and 9 S rRNA from mitochondrial lysate co-sedimented in two peaks ( Fig. 2A) . One peak was centered in fractions 19 -20 , which corresponds to the sedimentation of the separate LSU and SSU (Fig. 2, B and C) . The second peak was near the bottom of the gradient, and substantial signal in the gradient pellet likely corresponds to monosome and/or ribosome polysomes or aggregates. The detection of only 12 S rRNA with TAP_LSU1 and only 9 S rRNA with TAP_SSU1, both in fractions 19 ϩ 20, indicates that tagged dissociated large and small ribosomal subunits were purified, and both sediment at ϳ60 S. A pilot LC-MS/MS analysis of calmodulin elution fractions identified 99 proteins that were present in both TAP_LSU1 and TAP_LSU2 complexes and 95 proteins in TAP_SSU1 and TAP_SSU2 complexes. These two sets of proteins were distinct and specific for large and small subunits, respectively.
Validating the Association of Novel Components-To further validate the association of newly identified proteins with ribosome subunits we tagged and analyzed four proteins of unknown function from each group. The composition of LSU and SSU was studied in more detail using these transgenic cell lines labeled as TAP_LSU3-6 and TAP_SSU3-6 (see "Experimental Procedures" for genes). All tagged complexes sedimented in the lower parts of the gradient, although their sedimentation patterns differed, which may reflect the effect of the tag on incorporation and compactness of the complex (Fig. 3) . The lower bands detected in glycerol gradient fractions of TAP_LSU6 and TAP_SSU5 are likely tagged proteins and/or their degradation products, which are not integrated into the complex and primarily sediment at the top of the gradient. The tagged complexes were further purified from pooled gradient fractions (usually fractions 15-21 or 17-23) by calmodulin chromatography.
Immunolocalization of Tagged Proteins-An immunofluorescence assay using anti-Myc mAb (anti-tag) showed that the TAP_LSU1 and TAP_SSU1 and some of the other tagged proteins (TAP_LSU3, TAP_LSU4, and TAP_SSU3) localized to the mitochondrion (Fig. 4) . Together the results suggest that the TAP tags did not interfere with mitochondrial import or ribosome assembly and thus enabled us to purify mt ribosomal subunits and identify their components.
Mass Spectrometry Analysis of Tagged Ribosome Subunits-The protein composition of the tagged complexes was determined by LC-MS/MS analysis of calmodulin elution fractions. The results were compiled to assign the proteins to LSU and SSU. Based on identification of proteins in different tagged complexes they were classified into three categories. The first category (high confidence hits) includes proteins that were identified at least in three different TAP tags for LSU or in four different TAP tags for SSU and by at least two unique peptide matches to a protein with probability of 1. Using this criteria we assigned 77 proteins as the components of LSU and 56 proteins as the components of SSU. These proteins are considered by us to be bona fide components (total 133 proteins) of mt ribosomes (supplemental Table 2 ). The second category contains proteins that were identified using the same conditions as mentioned above, but they are known subunits of different mitochondrial complexes and/or are known to be abundant mitochondrial and non-mitochondrial proteins. These proteins were operationally regarded as contaminants and were excluded from our high confidence protein list (supplemental Table 3 ). The third category includes proteins identified by at least two unique peptides but in less than three different TAP tags for LSU or less than four different TAP tags for SSU (supplemental Table 4 ).
To exclude any proteins that bind adventitiously to the common tag on each of the "bait" proteins we performed a TAP tag control involving expression of tag alone followed by its purification. MS analysis of the calmodulin eluate fraction revealed nine proteins (two heat shock proteins, prohibitin, glutamate dehydrogenase, fatty acyl-CoA synthetase 3, 60 S ribosomal protein L4, mt carrier protein, and two hypothetical proteins). Two of those proteins (60 S ribosomal protein L4 and heat shock protein) were identified in SSU complexes, and they were excluded from the high confidence list and are listed in supplemental Table 3 .
Sequence Characteristics of mt Ribosomal Proteins-Most
of the 133 mt ribosome proteins are currently annotated as hypothetical proteins in GeneDB database (supplemental Table 2 ). We performed a PSI-BLAST search against the nonredundant ("nr") database and Conserved Domain Database and PFAM, PROSITE, and InterPro domain searches and found varying degrees of similarities to other proteins of known functions or motifs for 77 proteins of which 29 proteins show a homology to known mt or bacterial ribosomal proteins (supplemental Table 2 ). To assess the validity of the protein assignments as ribosomal, a targeted BLAST search was carried out using E. coli (S1-S22 and L1-L33) and human mt ribosomal protein sequences (MRPS2-MRPS36 and MRPL1-MRPL56) against the T. brucei protein database and the proteins identified in TAP tag-purified samples (Table I) . Although in general human MRP proteins showed homology with hypothetical proteins and annotated putative 30 and 50 S subunits, in some cases the bacterial ribosomal proteins resembled putative T. brucei 40 and 60 S cytoplasmic ribosomal proteins. To further verify the correct assignments of the latter proteins as cytoplasmic ribosomal proteins we used human cytosolic ribosomal proteins to search the T. brucei protein database. All these were also recognized by their corresponding human cytosolic counterparts with a much higher level of sequence similarity indicating that these proteins are cytosolic ribosomal protein and not mt ribosomal proteins (data not shown).
A targeted BLAST search of human 39 S mt ribosomal proteins and bacterial LSU ribosomal proteins identified 30 proteins with sequence similarities in the T. brucei genome, 20 of which have E-values less than the 1eϪ03 (Table I) . Only three proteins from this analysis (L10, MRPL39, and MRPL40) were not identified in our tagged complexes, and the remaining 27 proteins are present in our high confidence list. Most of these proteins are annotated as hypothetical, but because of their homology to bacterial and human mt ribosomal proteins and in vivo association with 12 S rRNA and other predicted mt ribosomal proteins, we propose reannotating these proteins as T. brucei mitochondrial ribosomal protein of large subunit x (TbMRPLx) where the "x" corresponds to the numeric designation of these proteins in bacterial and human mt ribosomal proteins (Table I) .
Our analysis also corrects the annotation for some other genes. Tb927.7.4550, which is currently annotated as 60 Slike ribosomal protein, will be reannotated as MRPL7/L12. This is supported by its detection in tagged LSU and higher sequence homology to human mitochondrial MRPL7/L12 (Evalue 7eϪ14) than to 60 S cytoplasmic RPLP1 (E-value 2eϪ04). Two T. brucei homologs (Tb927.3.5610 and Tb927.4.1800) of human MRPL3 and bacterial L3 protein are currently annotated as putative mitochondrial L3 proteins. Because the former is in our high confidence list and the latter was identified only in one TAP tag experiment (supplemental Table  4 ), we examined their homology to human 60 S ribosomal FIG. 4 . Subcellular localization of the tagged proteins. Tagged ribosomal proteins TAP_LSU1, -3, and -4 and TAP_SSU1 and -3 were visualized in a cell using anti-Myc antibody coupled with FITC and fluorescence microscopy. Phase-contrast light microscopy shows procyclic T. brucei cells, 4Ј,6-diamidino-2-phenylindole (DAPI) staining is specific to DNA contents (n, nucleus; k, kinetoplast), and FITCconjugated secondary antibody shows mt localization of the target proteins.
proteins using a BLAST search. Interestingly 60 S L3 proteins strongly resemble Tb927.4.1800 (E-value 3eϪ136), but no hits were obtained for Tb927.3.5610. Based on this result we conclude that actual mt ribosomal L3 protein is Tb927.3.5610, and Tb927.4.1800 is cytosolic 60 S L3 protein. Thus the annotation of these two proteins will be changed accordingly. Ribosomal protein L11 is encoded by two identical ORFs (Tb927.2.4890 and Tb927.2.4740); thus for both of these ORFs we propose to change annotation from ribosomal L11 to MRPL11.
Using human 28 S mt ribosomal proteins and bacterial SSU ribosomal proteins we identified 11 homologs of small subunit ribosomal proteins in the genome of T. brucei, and all of them are present in our high confidence list. Identification of S5, S17, and MRPS29 is strongly supported by highly significant E-values (Table I) . Although the BLAST E-scores for the putative S9 and S11 were not significant (E-values 0.99 and 0.045), an NCBI conserved domain search revealed significant homology to the RpsI family representing ribosomal pro- tein S9 (E-value 3eϪ07) and conserved domain RpsK representing ribosomal protein S11 (E-value 0.003), respectively. Also the identification of presumed S6, S15, S16, and S18 homologs was not strongly supported (E-values 1.0, 0.94, 0.038, and 0.002). Using a BLAST search against the nr database the putative S15, S16, and S18 homologs are also moderately similar to Theileria annulata S15 (E-value 0.25), yeast MRPS16 (E-value 6.9), and Magnetococcus S18 (Evalue 2.6). It is noteworthy, that L. tarentolae orthologs of these proteins were also identified within the purified 45 S SSU* complexes, and their homology to S6, S15, S16, and S18 mt ribosomal proteins has been reported (26) . Thus, based on bioinformatics studies and the fact that these proteins are associated with 9 S rRNA we suggest changing their annotations from hypothetical to T. brucei mitochondrial ribosomal protein of small subunit x (TbMRPSx) where the x corresponds to the numeric designation of these proteins in bacterial and human mt ribosomal proteins (Table I) . Homologs of the bacterial large subunit proteins L1, L5, L6, L18, L19, L25, L31, and L32 and small subunit proteins S1-S4, S7, S10, S13, S14, and S19 -S21 have not been found in the genome of T. brucei. These are either absent from the Trypanosoma mitochondrial ribosome, have been replaced by other proteins, or are so highly divergent that their relationship cannot be identified with confidence. The only one mt ribosomal protein, S12, which is predicted to be encoded by mitochondrial genome, was not identified in our analyses. This small protein is only 53 amino acids (AA) long and is generally interlocked into the rRNA and may not have been digested adequately during the trypsin treatment to allow its detection.
Most of the identified proteins were highly basic (pI Ͼ 9), like their homologs in other organisms, reflecting their interaction with the ribosomal RNA (5, 6, 11) . Mitochondrial ribosomal proteins are significantly longer than their bacterial counterparts (7, 8, 37, 38) , which probably structurally and/or functionally compensates for the missing stem-loop structures of rRNAs. In Trypanosoma, all homologs of ribosomal proteins are much longer than their bacterial and human counterparts (Fig. 5) . Based on the alignments, these differences in the length are usually because of N-and C-terminal extensions. One of the most striking differences is in the length of putative Trypanosoma MRP52 (Tb11.02.2250) that encodes for a 1522-AA protein. Only its very C-terminal part is homologous to its human counterparts MRP52-1 and -2, which have only 36 and 77 AA, respectively. The only exception to this rule is mitochondrially encoded ribosomal protein S12, which is actually smaller than its bacterial and human ortholog (Fig. 5) .
Novel Proteins Associated with mt Ribosome-Some of the polypeptides identified in this work did not show homology to bacterial and/or human mt ribosomal proteins but showed homology to different proteins outside Kinetoplastida (Tables  II and III) . We identified several proteins with varying degrees of homology to prokaryotic and eukaryotic GTPase and/or GTP-binding proteins, methyltransferases, tRNA/rRNA methylases, pseudouridylate synthases, and helicases. It is noteworthy that two of the methylases (Tb09.211.3800 and Tb11.02.2710) are similar to putative yeast mt ribosomal proteins Ydr115wp (E-value 0.002) and Rsm22 (E-value 1.7eϪ05), respectively. Also motifs involved in protein-protein and protein-RNA interactions such as pentatricopeptide repeat (PPR), non-catalytic Rhodanese homology domain, a ubiquitin-like protein, and tetratricopeptide repeat were found within several protein sequences. Some other proteins possess the cyclophilin ABH-like domain, DnaJ motif, and domains of unknown function as such as DUF167, -390, and -436. Interestingly two proteins are predicted to be involved in amino acid and lipid metabolism (Tb927. Tb927.4.3690), an ADP-ribosylglycohydrolase and a superoxide dismutase (E-values 0.002 and 1eϪ08, respectively) (Tables II and III). Surprisingly 56 proteins identified in mt ribosomes (42%) have no recognizable motifs/domains and are unique to kinetoplastids (Tables II and III) .
Most of the identified proteins had a predicted mitochondrial localization signal by MitoProt with a probability of more than 0.5 (supplemental Table 2 ). However, for some of the proteins including MRPL4, MRPL47, MRPL20, TAP_LSU4, and TAP_SSU5 the predicted probability was lower than 0.50. These results suggest diverse mitochondrial targeting signals in Kinetoplastida with some of these remaining unrecognized. DISCUSSION An efficient affinity purification technique coupled with mass spectrometry analysis was used to characterize the protein composition of mt ribosomes from T. brucei. Although these ribosomes have some compositional similarities to bacterial ribosomal proteins and/or to those of higher eukaryote they also contain proteins that have no significant homology outside Kinetoplastida as well as other proteins with various putative functions. A total of 133 proteins were consistently associated with the purified ribosomal subunits. Most of these proteins are likely to be integral LSU and SSU components. However, some of these proteins, as implied by their motifs, may have roles in other biological processes, and possibly the purified complexes are not necessarily only the conventional ribosome but may be a part of a larger "supercomplex" with additional functions.
In this study the ribosomes were purified by tagging 12 different component proteins followed by sequential steps with a first affinity chromatography, glycerol gradient sedimentation, and a second affinity purification. All of the 12 tagged proteins sedimented at 40 -80 S in glycerol gradients. The sedimentation profiles differed slightly between the tagged proteins, which may reflect the effect of the tag on protein-protein or protein-RNA interactions and/or ribosome compactness. 12 and 9 S rRNAs co-sedimented in glycerol gradients with the tagged LSU and SSU, respectively. Data analysis of six tagged complexes for each subunit allowed high confidence assignment, i.e. at least two peptide matches with a probability of 1 in three (LSU) or in four (SSU) different TAP tags, of 77 proteins to the LSU and 56 proteins to the SSU. A control purification of the tag alone did not reveal any of those proteins thus illustrating their specific interactions with the bait proteins. Moreover none of those proteins have been described as the component of other TAP-tagged mt complexes (33, 39) . Orthologs of all 49 proteins that were found in the 45 S SSU*-related ribosomal complex from L. tarentolae (26) were identified, although five of these did not meet our high confidence criteria (supplemental Table 4 ).
The T. brucei genome contains 41 proteins with homology to mammalian mt ribosomal proteins and bacterial ribosomal proteins of which most were annotated as hypothetical proteins. All of them were identified with high confidence in the purified ribosome except for three proteins that have borderline homology (L10 and MRPL40) or appear to encode a tRNA synthetase (MRPL39). Because the candidate proteins presented here are physically associated with affinity-purified ribosomes and they possess some level of sequence homology to prokaryotic/eukaryotic ribosomal proteins, the confidence level of their assignment as mt ribosomal proteins is further enhanced.
The number of prokaryotic homologs found in the T. brucei genome (9 SSU and 22 LSU homologs) is somewhat smaller than the number observed in yeast mt ribosome (16 SSU and 23 LSU homologs), mammalian mt ribosome (14 SSU and 28 LSU homologs), and Chlamydomonas chloroplast ribosome (19 SSU and 27 LSU homologs) . Nevertheless it appears that the genome of T. brucei does not encode any more prokaryotic homologs of ribosomal proteins in addition to those found in this study. Mt ribosomal protein homologs that were not found in the T. brucei genome and in purified mt ribosomes have sequence homologies that may have diverged beyond confident recognition, or they are absent or were potentially replaced by other proteins. Most of the Trypanosoma mt ribosomal proteins that have bacterial homologs also have homologs in mammalian mt ribosome, reminiscent of their common, eubacterial origin, with the exception of ribosomal proteins S8 and L29. All identified homologs of T. brucei mt ribosomal proteins, except for the mitochondrially encoded RPS12, are larger than their counterparts in E. coli and mammalian mitochondria. This may compensate for a weak structural scaffold provided by the smaller 9 and 12 S rRNAs or represent alternative functions.
We also identified 56 proteins with high confidence assignment to purified ribosomes but that have no recognizable homology outside the Kinetoplastida. This suggests that their divergence was sufficient to prevent recognition of sequence relatedness or that they are unique to kinetoplastid mitochondria. It is likely that many, and possibly all, of these proteins are highly diverged integral mt ribosomal proteins or represent the acquisition or replacement by novel proteins that reflect changes in ribosomal protein functions as has been shown for mammalian mt ribosomes (37) . However, more detailed structural and functional characterization is needed to assess the specific functions of these candidate component proteins.
Several other Trypanosoma proteins were identified in the purified ribosomes that had no evident homology to other ribosomal proteins but had motifs suggestive of possible functions associated with mt ribosomes and rRNAs. PPR motif was identified within eight proteins of which three proteins (Tb10.70.7960, Tb927.1.2990, and Tb927.1.1160) were shown to be required for (40) . The other motifs indicate GTP binding, GTPase, methyltransferase, peptidyl-prolyl isomerase, helicase activities, and chaperone function. These proteins may have roles in ribosome maturation or assembly, RNA folding, rRNA processing, protein assembly, and subunit structure stabilization similar to what has been observed in other organisms (41) (42) (43) (44) (45) (46) (47) (48) (49) . Intriguingly helicase activity was recently identified in ribosomes that could account for its ability to translate through downstream mRNA secondary structure (50) .
Moreover several ribosomal proteins have roles unrelated to translation (51) . For example, we found the T. brucei protein homolog of yeast and bovine MRPS29 that is the deathassociated protein 3 involved in apoptosis (8, 44, 52) . Although the nature of apoptosis in this unicellular organism is uncertain, a role for mt ribosomes in this process cannot be disregarded because another T. brucei mt ribosome-associated protein (Tb927.7.2620) that we found belongs to the Bcl-2 family (53). The apparent strong association of a putative superoxide dismutase homolog in T. brucei mt ribosomes (i.e. the tagged protein pulled down the SSU) implies a possible antioxidant role, which may parallel the roles of the yeast Mrp1 and Rsm26 mt ribosomal proteins that also share similarities with proteins of the superoxide dismutase family (44) .
The number of identified proteins is high, and they may not all be attributed to stable SSU and LSU particles alone. It is possible that the purified complexes are not only ribosomes but are part of a larger supercomplex with an additional function such as RNA processing, translation control, mRNA recognition, rRNA maturation, rRNA modification, or ribosome assembly as also has been suggested for the unusual ribosomal complexes in Leishmania (26) .
This comprehensive characterization of the protein composition of T. brucei mt ribosomes and the associated bioinformatics provides functional designations for 29 proteins that were previously designated as hypothetical in the GeneDB database and suggests a putative role associated with protein biosynthesis for more than 100 proteins. These results expand our knowledge of the unique mt translational machinery in these early diverged parasitic protozoa. Additional studies are needed to define specific roles for individual proteins in mitochondrial protein translation; this should now be greatly facilitated by having the set of the ribosomal proteins defined.
